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In this  work,  we present  the  substrate  temperature  inﬂuenced  change  in  the  structural,  optical,  mor-
phological,  and  electrical  conductivity  properties  of  CdIn2S4 thin  ﬁlms  deposited  on  amorphous  glass
substrates  by  nebulized  spray  pyrolysis  (NSP)  technique.  X-ray  diffraction  pattern  revealed  that  the  as-
deposited  CdIn2S4 thin ﬁlms  had  a  cubic  structure  with  a preferred  orientation  along  (111)  plane.  The
reduced  strain  by increasing  the substrate  temperature  from  200  to  350 ◦C increased  the  average  crys-
talline  size  from  17 to  33  nm  while  the  formation  of secondary  phases  such  as  CdIn2O4 and  In2O3 reduced
it  to 21  nm  after  the substrate  temperature  at  450 ◦C. The  energy  dispersive  analysis  by X-ray  (EDAX)  stud-
ies  conﬁrmed  the presence  of  Cd,  In, and  S.  The  absorption  coefﬁcient,  direct band  gap energy,  Urbachesistivity
and gap
hin ﬁlms
rain size
energy,  skin  depth,  and  extinction  coefﬁcient  of CdIn2S4 ﬁlms  were  analyzed  by optical  absorption  spec-
tra.  The  better  conductivity  and mobility  noticed  at Ts =  350 ◦C are  explained  by  carrier  concentration  and
crystalline  size.  Better  optical  and  electrical  conductivity  behavior  of  CdIn2S4 thin  ﬁlm  sample  suggests
for  effective  PEC  solar  cell  fabrication.
© 2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
In recent years, prior importance has been given to the fabri-
ation of photo electrochemical (PEC) solar cells, which leads to
 large amount of research for thin ﬁlm polycrystalline materials
ith acceptable efﬁciency. Stronger binding of electrode ﬁlms onto
 conductive substrate is required in solar cells to observe more
olar energy for converting it into electrical energy. Cadmium
ndium sulﬁde (CdIn2S4) is basically photoconductive in nature,
hich belongs to the family of ternary chalcogenide compound
B2C4 (A = Cu, Cd, Ag, Zn, etc; B = Al, Ga, In; and C = S, Se, Te). It has
een studied for the development of photo electrochemical (PEC)
olar cells for the uninterrupted and streamlined capture of solar
o electrical conversions [1–3]. In general, thin ﬁlms have been
emarkably attractive because of their potential applications in
hotovoltaic, optoelectronic devices, and solar cell converters. The
-type CdIn2S4 semiconductor thin ﬁlms have recently focused∗ Corresponding author. Tel.: +91 9994361382.
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on substantial attention because of their interesting physical
properties. It has terrestrial applications in optoelectronic devices,
photoconductors, solar cells, and light emitting diodes (LEDs)
[4–7]. Nevertheless, it is still a dispute to fabricate a nanostruc-
tured CdIn2S4 material with structurally distinct morphology onto
a conductive substrate. This disadvantage enforces barriers in the
construction of device since strengthened binding of electrode
ﬁlms onto a conductive substrate is an essential obligatory for
the fabrication of devices, particularly for solar cells [8]. On
the other hand, CdIn2S4 thin ﬁlms have been grown by various
techniques such as vacuum evaporation [9], successive ionic layer
absorption and reaction (SILAR) [10], pulse electrodeposition
[11], electrodeposition [2], hot wall epitaxy method [12,13],
hydrothermal [14], and spray pyrolysis [15,16] technique. The
physical deposition techniques are comparably very expensive
and high energy consuming even though it provided quality and
uniform ﬁlms. Nebulized spray pyrolysis technique is simple and
cost effective by which an efﬁcient way  of growing thin ﬁlms is
possible. Binary and ternary semiconductor oxide thin ﬁlms such
as MgO  [17], tin doped zinc oxide [18], and Cd-doped SnO2 [19]
have been deposited by NSP technique. A ternary chalcogenide
CdSnSe thin ﬁlm had also been deposited by this technique [20].
Although NSP synthesis has been widely used to prepare a variety
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Nomenclature and units
D Crystalline size (nm)
 ˇ Full width at half maximum (rad)
 Wavelength of X-ray (Å)
d Lattice spacing (Å)
 Bragg’s angle (deg)
ε Lattice strain
A Absorption coefﬁcient
T Transmittance (%)
h Photon energy (eV)
Eg Optical band gap (eV)
Eu Urbach energy (eV)
 Resistivity ( cm)
 Mobility (cm/(V s))
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dN Carrier concentration (cm )
f thin ﬁlms, studies on the nebulized spray pyrolysis preparation
f CdIn2S4 thin ﬁlms did not exist. Herein, we report on a nebulized
pray pyrolysis technique to fabricate CdIn2S4 thin ﬁlms on glass
ubstrate. The structural, optical, morphological, elemental, and
lectrical conductivity properties of CdIn2S4 thin ﬁlms have been
nvestigated.
. Experimental technique
.1. Mechanism of a nebulizer
Fig. 1 shows a schematic diagram of a simple nebulizer which is
lso called as “atomizer”. The nebulizer is connected by tubing to a
ompressor that efforts compressed air or oxygen to stream at high
elocity through a precursor solution to change it into an aerosol,
hich is then sprayed on the glass substrate through the “L” glassube which has small tapering at the substrate side to carry the tiny
roplets of precursor solution.
Fig. 1. Schematic diagram of the simple nebulizer.Fig. 2. Experimental set-up of nebulized spray pyrolysis technique.
2.2. Materials and methods
CdIn2S4 thin ﬁlms were deposited on amorphous micro glass
substrate by spraying an aqueous solution containing 0.1 M of
CdCl2, 0.2 M of In2Cl3 (Sigma–Aldrich) and 0.4 M of CS(NH2)2 (GR E
Merck) with nebulized spray technique. Substrate cleaning plays
a key role in the deposition of thin ﬁlms. The contamination
in the substrate surface may  cause nucleation sites facilitating
the growth, which results in non-uniform ﬁlm growth. Hence,
the micro glass substrates of dimensions 7.5 cm × 2.5 cm × 0.25 cm
were ﬁrst washed well with detergent. The washed glass slides
were put in hot chromic acid for 1 h to remove grease or oil. Then,
they were rinsed with acetone and double-distilled water before
the deposition of the ﬁlms. In this study, different substrate tem-
peratures (Ts) were used for thin ﬁlm deposition. The oxygen carrier
gas ﬂow rate was kept at 1 kg/cm2 corresponding to an average
pressure solution rate of 5 ml  per 15 min. Fig. 2 shows an experi-
mental set-up of NSP technique with a photograph of the simple
nebulizer. This technique consists of a nebulizer, “well” shaped
furnace connected with a temperature controller and compres-
sor unit. The precursor solution was  kept inside the nebulizer
unit. The compressed air is carried out through a tube and stimu-
lates the precursor solution into an “L” glass tube. The mist-like
tiny droplets of particles were released from the glass tube to
deposit onto the glass substrate, which is placed in the uniform
hot zone of the furnace. Films are very shiny and yellowish. All
the ﬁlms were kept on the hot plate until the substrate temper-
ature reaches room temperature and then they are preserved in
desiccators.
2.3. Characterization technique
The chemical and structural phases of the CdIn2S4 ﬁlms were
determined by X-Pert Pro X-ray diffractometer (CuK,  = 1.5418 A˚)
over a 2 range of 10–65◦. The optical properties using opti-
cal absorption spectrum were measured using UV–vis-NIR double
beam spectrophotometer (Hitachi U3410 model) over the wave-
length range of 300–1100 nm.  Scanning electron microscope (SEM)
was used to detect the dispersion of particles, rough morphology,
and the particle size on the surface of the ﬁlm. The surface morphol-
ogy of the as-deposited CdIn2S4 ﬁlms was examined by scanning
electron microscope (SEM, Genesis model). The chemical composi-
tion of Cd, In, and S was  determined by energy dispersive analysis
by X-rays (EDAX) on K and L lines. The electrical conductivity of
the as-deposited ﬁlms was determined by Hall effect measurement
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ystem by ECOPIA-HMS 5000 model. The thickness of the CdIn2S4
ayers was found with a stylus proﬁlometer (Mitutoyo, SJ-301).
. Results and analysis
.1. Structural analysis
Fig. 3 depicts the X-ray diffraction patterns for CdIn2S4 thin
lms deposited at different substrate temperatures from 200 to
50 ◦C with the interval of 50 ◦C. CdIn2S4 thin ﬁlms show four
ajor diffraction peaks related to the diffraction angles, 13.78◦
111), 28.24◦ (222), 43.17◦ (511), and 58.92◦ (444) with a pre-
erred orientation along (111) plane. The highest intensity peak
long (111) plane is observed at substrate temperature of 350 ◦C.
he standard diffraction peaks exhibited by CdIn2S4 thin ﬁlm are
atched with the JCPDS card No. 27-0060 corresponding to cubic
hase. The degree of texture along the (111) preferred orientation
epends on the CdIn2S4 phase only. Horiba et al. [21] reported
ubic structured CdIn2S4 thin ﬁlms with (111) preferential ori-
ntations grown by vacuum deposition method. The substrate
emperature at 200 ◦C shows small intensity peaks correspond-
ng to CdIn2S4 phase with the more amorphous background. It is
oticed from Fig. 3 that intensity of CdIn2S4 ﬁlms along (111) plane
s increased with increase in substrate temperature; after reaching
 maximum at Ts = 350 ◦C it starts to decrease. The ﬁlm prepared
t 350 ◦C has a better crystalline quality of CdIn2S4 in mono-phase
s indicated from XRD patterns. The diffraction pattern of the ﬁlm
eposited at 400 ◦C, the mentioned CdIn S peak intensity started2 4
o decrease and other phases corresponding to In2O3 along (222)
lane and CdIn2O4 along (331) plane have started to appear. This
as conﬁrmed by matching with the standard JCPDS data card Nos.
ig. 3. X-ray diffraction pattern of CdIn2S4 thin ﬁlms at different substrate temper-
tures.ramic Societies 4 (2016) 191–200 193
65-3170 (In2O3) and 29-0258 (CdIn2O4). These observed additional
diffraction peaks along with CdIn2S4 phase indicate the beginning
of the CdIn2S4 transformation to oxide phase. The XRD pattern
of the sample prepared at 450 ◦C only shows In2O3 and CdIn2O4
diffraction peaks, showing that CdIn2S4 was  fully transformed into
polycrystalline CdIn2O4 and In2O3 ﬁlms. Besides, cubic structured
In2O3 peak along (222) plane is predominant than other peaks. The
formation of CdIn2O4 and In2O3 ﬁlms is due to desorption of sul-
fur atoms during the process of applying higher thermal energy
(Ts ≥ 400 ◦C) in oxygen ﬂow and the replacement of sulfur sites by
oxygen atoms. This was  evidenced by EDX spectrum.
The average crystalline size and strain for the as-deposited
CdIn2S4 thin ﬁlms for the different substrate temperatures can be
studied by Williamson–Hall plot as shown in Fig. 2. In general, crys-
talline size and lattice strain inﬂuence the Bragg peaks in discrete
ways such as instrumental factors, the existence of defects to the
ideal lattice, differences in strain in different grains, and the crys-
talline size. Both these two  effects lift the peak width and intensity
and shift the Bragg peak (2) position accordingly. It is much fea-
sible to divide the effects of size and strain. The size broadening is
independent of the length of the reciprocal lattice vector (q) and
strain broadening increases with increasing q values. There will be
both size and strain broadening appear about in most of the cases.
Williamson–Hall analysis is mainly used to divide these size and
strain by combining the two  equations [22].
ˇhkl = ˇs + ˇD (1)
ˇhkl =
(
k
D cos 
)
+ (4ε  tan ) (2)
Rearranging the equation gives:
ˇhkl cos  =
(
k
D
)
+ (4ε  sin ) (3)
Eq. (3) stands for the uniform deformation model (UDM), where
the strain was assumed uniform in all crystallographic directions.
The term (  ˇ cos ) was  plotted with respect to (4 sin ) for the peaks
of CdIn2S4 with cubic phase. Therefore, the slope and y-intercept
of the ﬁtted time represent strain and grain size, respectively. The
results of the UDM analysis for the CdIn2S4 thin ﬁlms are shown in
Fig. 4.
The texture coefﬁcient Tc(hkl) of the ﬁlms [23] has been calculated
from the XRD data using the relation
Tc(hkl) =
I0(hkl)
Is(hkl)
[
1
N
n∑
i=1
I0(hkl)
Is(hkl)
]−1
(4)
where I0 (hkl) is the observed intensity, Is (hkl) is the standard inten-
sity, Tc is the texture coefﬁcient, and N is the number of diffraction
peaks. The preferred orientation of the ﬁlms can be conﬁrmed by
the higher value of texture coefﬁcient. The increased number of
grains along the plane associates the increase in preferred orienta-
tions [24].
The lattice constant ‘a’ was  calculated using the formula [10] for
the CdIn2S4 ﬁlms
d =
(
a
(h2 + k2 + l2)1/2
)
(5)
The dislocation density (ı) deﬁned as length of dislocation lines
per unit volume of the crystal using grain size values (D) has been
determined using the Williamson and Smallman’s formula [25]
ı (lines/m2) = 1
D2
(6)
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˛ig. 4. The Williamson–Hall analysis of CdIn2S4 thin ﬁlms at different substrate tem
rystalline size is extracted from the y-intercept of the ﬁt.
The optoelectronic properties of the ﬁlms are affected by stack-
ng fault probability due to the distorted lattice and was appraised
sing the relation [26]
 =
(
2	2
45(3 tan )1/2
)
 ˇ (7)tures assuming UDM. Fit to the data, the strain is extracted from the slope and the
Table 1 shows the peak position (2), inter-planar distance (d),
grain size (D), dislocation density (ı), lattice strain (εs), stacking
fault (˛), and texture coefﬁcient (Tc) of CdIn2S4 thin ﬁlms with
different substrate temperatures from 200 to 450 ◦C. At lower sub-
strate temperature, the grain size is low since the deposited atoms
instead of integrating to the neighboring grains and raising their
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Table  1
Structural parameters of CdIn2S4 thin ﬁlms at preferred orientation for different substrate temperatures.
Substrate
temperature (◦C)
hkl Peak position,
2 (◦C)
d-value (Å) Texture
coefﬁcient
Grain
size (nm)
Dislocation density
(×1015 lines/m)
Lattice strain
(×10−3)
Thickness
(nm)
Stacking fault
(×10−4 J/m2)
200 (111) 13.782 6.4501 1.65 17.09 3.42 2.8 256 15.91
250  (111) 13.783 6.4253 1.48 18.16 3.03 2.7 341 10.31
300  (111) 13.782 6.4248 4.16 26.13 1.46 1.7 417 9.73
350  (111) 13.782 6.4245 3.09 33.25 0.90 1.2 475 7.58
32.3
21.9
s
n
s
a
F
4400  (111) 13.739 6.4453 5.27 
450  (222) 30.650 2.9162 1.58 
ize are condensed and stay stuck to the region to form small
uclei and clusters. At higher substrate temperature, a large grain
ize is observed due to the increasing mobility of the surface of
toms and increasing cluster formation. It is observed that the grain
ig. 5. Scanning electron microscope (SEM) images of CdIn2S4 thin ﬁlms for different sub
50 ◦C.9 0.95 1.6 458 7.76
4 2.07 2.0 387 9.97
size increases and attains a maximum of 33.25 nm at 350 ◦C. The
decrease in lattice strain was  observed by increasing the substrate
temperature. Indeed, the strain in the ﬁlms is tensillity at the ini-
tial stage of CdIn2S4 ﬁlms formation and tends to the compression
strate temperatures: (a) 200 ◦C, (b) 250 ◦C, (c) 300 ◦C, (d) 350 ◦C, (e) 400 ◦C and (f)
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Fig. 6. Energy dispersive X-ray (EDX) pictures of CdIn2S4 thin ﬁlms for different substrate temperatures: (a) 200 ◦C, (b) 250 ◦C, (c) 300 ◦C, (d) 350 ◦C, (e) 400 ◦C and (f) 450 ◦C.
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Table  2
The quantitative analysis of the weight percentage of the compositional elements present in the CdIn2S4 thin ﬁlms at different substrate temperatures.
Substrate temperature (◦C) Weight percentage of elements (%) Cd/In ratio Metal (Cd + In)/S
Cd In S O
200 16.4 28.2 55.4 – 0.5815 0.8050
250  15.5 28.6 56.1 – 0.5419 0.7860
300  15.1 28.4 56.5 – 0.5316 0.7699
350  14.1 28.2 57.7 – 0.5000 0.7331
400  23.6 39.7 36.7 – 0.5940 1.7830
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where Eg is the band gap, A is energy independent constant,  is
transition frequency, and the exponent n characterizes the nature
of the band transitions. For semiconductors, n = 1/2, 2, 3/2, and450  34.7 49.1 
nd lattice strain of the ﬁlms prepared at the terminal stage. The
inimum values of dislocation density and stacking probability are
btained for the ﬁlm grown at the substrate temperature of 350 ◦C.
he dislocation density of as-prepared CdIn2S4 ﬁlms decreased as
he substrate temperature increased. The change in grain size with
ubstrate temperature explained this behavior. Indeed, the larger
rystallites have a smaller surface to volume ratio, thus giving up a
ise to the dislocation network.
.2. SEM analysis
SEM is an auspicious technique for the surface morphological
tudy of the ﬁlms and it furnishes the worthy information about the
hape and size of the grains or particles. The surface morphology
f CdIn2S4 thin ﬁlm deposited at substrate temperature of 200 ◦C
s shown in Fig. 5a. As it is seen, the surface of as-prepared CdIn2S4
lm is found to be rough with granular morphology and is devoid of
rain formation. Fig. 5b shows the surface morphology of CdIn2S4
hin ﬁlm deposited at Ts = 250 ◦C. It shows the better crystalliza-
ion than the ﬁlm grown at 200 ◦C and covered with well-deﬁned
rystallites spilled with small ﬂakes or crystal clusters in nano-
eter range of dimension. Fig. 5c shows the surface morphology
f CdIn2S4 thin ﬁlm grown at 300 ◦C, which exhibits a uniform dis-
ribution of CdIn2S4 crystallites with a large number of nano-sized
akes. Indeed, it shows that increase in substrate temperature has
he signiﬁcant effect on the grains and modify the structure of the
urface morphology. The large grains of CdIn2S4 crystallites with
ifferent sizes are covered non-uniformly of the ﬁlm deposited at
s = 350 ◦C as shown in Fig. 5d. In Fig. 5e, the surface morphology
f the ﬁlm at Ts = 400 ◦C and the uneven distribution of small and
ver-grained spherical crystallites are found over the entire sur-
ace of the ﬁlm. Fig. 5f shows the SEM picture for the ﬁlm deposited
t 450 ◦C, which shows the uneven morphology than other ﬁlms.
he sphere-shaped and nano-sized ﬂake structures almost disap-
eared and the little-sized cluster formations have been presented
ver the entire ﬁlm. It is clearly seen that the effect in increas-
ng the substrate temperature causes the changes in the lattice
tructures.
.3. EDAX analysis
The distinct composition and the purity of as-deposited CdIn2S4
hin ﬁlms deposited at different substrate temperatures were
etermined by EDX study, which brought out the presence of Cd,
n, and S as elementary components. The characteristic EDX spec-
ra of CdIn2S4 thin ﬁlms grown at substrate temperatures from
00 to 450 ◦C are shown in Fig. 6a–f. The quantitative weight per-
entage of the compositional elements such as Cd, In, and S in
dIn2S4 thin ﬁlms for different substrate temperatures is presented
n Table 2. Three different peaks related to Cd, In, and S are found
n the spectrums (Fig. 6a–c) for the ﬁlms deposited at substrate
emperatures from 200 to 350 ◦C, which conﬁrms the CdIn2S4 thin
lms. The EDX spectra show that the weight percentage for the 16.2 0.7060 –
ﬁlm deposited at Ts = 350 ◦C is virtually equal to their nominal
stoichiometry within the experimental error. The increase in sub-
strate temperature (Ts = 400) and the decrease in the atomic
percentage of S clearly indicate that oxygen was substituted for
S in Cd-In lattice. Indeed, the sulfur atoms disappear increasingly
with the higher substrate temperature. For the ﬁlm at Ts = 450 ◦C,
the sulfur atoms are not detected in the spectrum. The CdIn2S4 had
been completely transformed into CdIn2O4 and In2O3 when sub-
jected to increase the substrate temperature to 450 ◦C, which was
evidenced by both the XRD and EDX spectrum.
3.4. Optical analysis
The substrate temperature-inﬂuenced change in transmission
spectra of CdIn2S4 ﬁlms recorded in the wavelength range of
300–1100 nm is presented in Fig. 7. It shows that the average trans-
mittance of the ﬁlm varies between 70 and 80%. It is noticed that
large percentage of transmittance for the ﬁlms grown at 200 and
300 ◦C substrate temperatures is due to the low thickness of the
ﬁlms. The ﬁlm deposited at the substrate temperature of 350 ◦C
transmits at about 60% of photon energy. The transmittance of
photon energy increases for the ﬁlm grown at the substrate tem-
perature above 350 ◦C, which may  be due to the decreased defect
density and the decrease in the optical scattering of the ﬁlms. The
optical band gap of as-deposited CdIn2S4 thin ﬁlms is determined
by applying the Tauc model [26]
(˛h) = A(h − Eg)n (8)Fig. 7. Transmission spectra of CdIn2S4 thin ﬁlms at different substrate tempera-
tures.
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reported the resistivity values from 4.3 × 10 to 0.4 × 10  cm for
the CdIn2S4 thin ﬁlms deposited by pulse electrodeposition tech-
nique over F:SnO2 glass substrate. The bulk carrier concentration
and mobility of the CdIn2S4 thin ﬁlms increase with increasingig. 8. The (˛h)2 versus h curves for the optical band gap determination of
dIn2S4 thin ﬁlms at substrate temperatures at room temperature.
 values corresponding to the allowed direct, allowed indirect,
orbidden direct, and forbidden indirect transition, respectively.
ince, n = 1/2 and the absorption coefﬁcient is of the order of
04 cm−1 supports the direct band gap nature of CdIn2S4 semi-
onductor for allowed direct transition. Fig. 8 shows the plot for
he variation of (˛h)2 versus h. The direct band gap energy
alues were obtained by extrapolating the linear portion to the
nergy basis at  ˛ = 0. The decrease in the obtained band gap energy
rom 2.79 to 2.56 eV by the increase in substrate temperature up
o 350 ◦C was observed, wherein band gap energy increases fur-
her up to 3.13 eV when the substrate temperature reached 450 ◦C.
hang et al. [14] had reported a band gap value of 2.58 eV for
he ﬁlm prepared at the reaction time of 3 h by the hydrothermal
rowth of CdIn2S4 nano-sheet ﬁlms on FTO substrates. Moreover,
he obtained band gap values are in good agreement with pub-
ished band gap energy values (2.1–2.7 eV) [9,27]. The increase in
he energy band gap is due to the transformation of CdIn2S4 to
dIn2O4 and In2O3 crystalline improvement, which is evidenced
y the X-ray diffraction pattern. A wide band gap value of 3.13 eV
as obtained for the ﬁlm grown at Ts = 450 ◦C showing the ﬁlm
elongs to oxide phase (In2O3 and CdIn2O4). This increase in Eg at
igher substrate temperatures (400 and 450 ◦C) can be attributed
o the incorporation of oxygen as the sulfur concentration in ﬁlms
ecreases. This is interpreted with the result of EDX spectrum as
hown in Fig. 6 by which the sulfur concentration decreases for
ubstrate temperatures between 400 and 450 ◦C.
The skin depth (ı) of the CdIn2S4 thin ﬁlms deposited by nebu-
ized spray pyrolysis technique can be determined by the inverse of
he absorption coefﬁcient ı = 2/˛ = c/ωk. The skin depth (ı) is actu-
lly a measure of the distance of penetration of the optical beam of
ntensity I = I0/e−x/ı into the medium before the beam is dissipated.
ince, ı value is of the order of m,  it indicates that the incidental
ptical beam on material penetrates only a very short distance. It
s seen from Fig. 9 that the skin depth varies from 0.4 to 0.9 m
ith Ts.
The absorption coefﬁcient near the band edge exhibits an expo-
ential dependence on photon energy and this spectral dependence
s presented by the empirical Urbach rule as follows [28]
 = ˛0 exp
(
h
Eu
)
(9)here Eu is the width of the band tail of the localized states at the
ptical band gap. ˛0 is a constant. Fig. 10 depicts the plot of ln(˛)
ersus h by which the Urbach energy Eu has been determined and
he values are listed in Table 3. Eu values are increased at the initialFig. 9. Variation of skin depth with photon energy of CdIn2S4 thin ﬁlms at different
substrate temperatures.
stage of deposition temperatures (200–350 ◦C) and it decreased at
the terminal stage of substrate temperature (400–450 ◦C) exposing
the reduced defects in the coating ﬁlm. In addition, the optical band
gap is inversely related to the disorder in the ﬁlm. Hence, a decrease
in Eu values for the ﬁlms grown at the substrate temperature from
400 to 450 ◦C can be interpreted with the increase in Eg values.
3.5. Electrical analysis
The electrical conductivity, resistivity, Hall coefﬁcient, and bulk
carrier concentration of CdIn2S4 thin ﬁlms deposited at different
substrate temperatures were determined by Hall effect measuring
instrument and the corresponding values were listed in Table 3. The
Hall coefﬁcient values conﬁrm that all the ﬁlms had an n-type char-
acteristic. Fig. 11 depicts the resistivity and Hall mobility of the ﬁlms
as a function of substrate temperature. The resistivity of the as-
deposited ﬁlms decreases with increase in substrate temperature
from 200 to 350 ◦C and then increases with further rise in substrate
temperature. The lowest resistivity value was 1.09 × 102  cm at
the substrate temperature of Ts = 350 ◦C. Kokate et al. [11] had
4 4Fig. 10. The ln(˛) versus h curves for the Urbach energy determination of CdIn2S4
thin ﬁlms for substrate temperatures at room temperature.
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Table  3
Variation of optical and electrical properties of CdIn2S4 thin ﬁlms at different substrate temperatures.
Ts (◦C) Eg (eV) Eu (eV) Resistivity
(×102  cm)
Conductivity
[(×10−3  cm)−1]
Carrier concentration
(cm−3)
Mobility
(cm2/(V s))
Hall coefﬁcient
(cm3/C)
200 2.79 1.13 5.21 1.92 1.61 × 1014 7.01 −9.75 × 103
250 2.71 1.25 2.35 4.25 6.41 × 1014 14.3 −7.43 × 103
300 2.65 1.38 2.17 4.62 8.40 × 1014 81.1 −1.76 × 102
350 2.56 1.60 1.09 9.16 3.55 × 1016 165.0 −3.89 × 104
400 2.68 1.55 1.59 7.19 14 3
450 3.13 1.45 2.21 4.52 
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[ig. 11. Variation of resistivity and mobility of CdIn2S4 thin ﬁlms at different sub-
trate temperature.
ubstrate temperature up to 3.55 × 1016 cm−3 and 165 cm2/(V s),
espectively and then diminish with further increase in Ts. The
arrier density and mobility values are closer to the value obtained
9.01 × 1016 cm−3 and 219 cm2/(V s)) by Baek et al. [12] for CdIn2S4
pilayers grown by hot wall epitaxy method. The increased bulk
arrier concentration caused by increasing the substrate tempera-
ure reduced the grain boundary potential barrier. Due to that, the
arrier mobility of the ﬁlms also increases. At the higher substrate
emperature, the existence of the secondary phase at grain bound-
ry may  result in a decrease of bulk carrier concentration and a fall
f Hall mobility. As a result, the resistivity diminishes with increas-
ng substrate temperature attained a minimum and then increased
ith further increase in Ts.
. Conclusion
The inﬂuence of substrate temperature on various properties
f nebulized spray pyrolysised CdIn2S4 thin ﬁlms was  studied in
etail.
X-ray diffraction (XRD) pattern conﬁrmed CdIn2S4 thin ﬁlm
with cubic structure. Besides, In2S3 and CdIn2O4 phase formed
from unreacted sulfur were induced at Ts = 400 ◦C and they were
increased by increasing substrate temperature to 450 ◦C. The
variation in grain size and energy gap by increasing substrate
temperature made the samples a promising candidate for the
applications of optoelectronic devices such as photoconductors
and solar cells.
The high transmittance and lower absorption in the visible region
observed at Ts = 300 ◦C illustrated the good optical quality of the
crystals with the low absorption or scattering losses which leads
to the applications especially as a window layer in solar cells.
The optical parameters such as direct band gap energy, Urbach
energy, and skin depth have been discussed in detail.
[
[
[5.62 × 10 10.2 −1.11 × 10
7.24 × 1014 9.7 −2.14 × 102
• The change in morphology of CdIn2S4 thin ﬁlms for different
substrate temperatures was studied by scanning electron micro-
scope. Energy dispersive X-ray pattern conﬁrmed the presence
of Cd, In, and S with the chemical stoichiometry. The decreased
sulfur percentage from 57.7 to 36.7 by increasing substrate
temperature from 350 to 400 ◦C proved the existence of CdIn2O4
and In2O3 rich phase as noticed in the XRD pattern.
• The electrical resistivity of as-deposited CdIn2S4 thin ﬁlms
decreased by increasing the substrate temperature to 350 ◦C
and then increased further. The maximum carrier mobility
of 165 cm2/(V s) was  obtained at Ts = 350 ◦C. The investigation
results of the CdIn2S4 thin ﬁlms deposited by nebulized spray
pyrolysis technique ensure the stability of the ﬁlm and their
employability in PEC solar cell application.
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